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E-mail addresses: edwang@sibs.ac.cn (E.-D. Wang)The millisecond conformational ﬂexibility is functionally important for nucleic acids and can be
studied through probing the base pair open–close kinetics by proton exchange nuclear magnetic
resonance (NMR) spectroscopy. Here, the traditional imino proton exchange NMR experiments were
modiﬁed with transverse relaxation optimized spectroscopy and were applied to accurately mea-
sure imino proton exchange rates of all base pairs in Escherichia coli tRNALeu (CAG), and their depen-
dence on magnesium ion concentration. Finally, we correlated millisecond conformational
ﬂexibility with aminoacylation of tRNALeu and proposed that the ﬂexibility of the acceptor stem
and the core region might contribute to aminoacylation of tRNALeu.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
As the adaptor in protein synthesis, transfer ribonucleic acid
(tRNA) is aminoacylated by cognate aminoacyl-tRNA synthetases
(aaRSs). Generally, aminoacylation is a 2-step reaction. First, amino
acid is condensed with ATP to form an aminoacyl-adenylate. Sec-
ond, the aminoacyl group is transferred to the 30 end of the tRNA.
Some aaRSs also possess an editing function to hydrolyze the misa-
minoacylated tRNA to maintain ﬁdelity of aminoacylation [1].
Identity elements are molecular signals in tRNAs required for spe-
ciﬁc aminoacylation. To be effective, identity elements of tRNA
need to be presented to aaRSs under speciﬁc structural context
[2]. The aaRSs can be divided into two classes; leucyl-tRNA synthe-
tase (LeuRS) belongs to class I [3]. Identity elements in Escherichiachemical Societies. Published by E
RSs, aminoacyl-tRNA synthe-
magnetic resonance; TROSY,
HM(S)QC, heteronuclear
proton exchange rates; Ec,
.-D. Wang); +852 2358 1552
, gzhu@ust.hk (G. Zhu).coli (Ec)tRNALeu, including A73, and several tertiary base pairs in
the core region have been extensively studied [4–7]. Mutagenesis
on these sites causes adverse effects on aminoacylation of tRNALeu
[4–7].
The conformational ﬂexibility is functionally important for
tRNA [8]; it covers a wide range of timescales [9]. It is well recog-
nized that enzymatic catalysis generally occurs at the millisecond
timescale and nuclear magnetic resonance (NMR) spectroscopy is
the robust method to study the conformational ﬂexibility of
nucleic acids at this timescale [9] through probing the base pair
open-close kinetics by measuring the exchange rate (kex) of
H-bonded imino protons [10].
To further understand the possible role of millisecond confor-
mational ﬂexibility of EctRNALeu (CAG) on aminoacylation [4–7],
the traditional NMR imino proton exchange experiments [11–13]
were modiﬁed and applied with transverse relaxation optimized
spectroscopy (TROSY) [14,15] (EX-TROSY) (Fig. 1), as these experi-
ments cannot be effectively applied to the intact EctRNALeu (CAG)
due to spectral overlap and broadened linewidth. After removal
of the NOEs between imino protons and protons attached to car-
bons [13], kex values of all base pairs in EctRNALeu (CAG) were accu-
rately measured and their correlation with aminoacylation of
tRNALeu was studied.lsevier B.V. All rights reserved.
Fig. 1. Pulse sequence of the EX-TROSY experiment. (A) The EX-TROSY pulse sequence for 15N-labeled tRNALeu. The narrow and wide squares denote 90 and 180 hard pulses,
respectively. (B) The 13C/15N ﬁlter used for doubly labeled RNAs and for estimating NOEs between carbons attached protons and imino protons. The bipolar gradient gm (0.044
G/cm) is used to avoid radiation damping effects during mixing period sm and evolution period t1. g1 = 0.088 G/cm; g2 = 21.3 G/cm; g3 = 10.6 G/cm; g4 = 3.55 G/cm;
g5 = 8.87 G/cm. The duration of gradients is 0.5 ms. Delay D1 is set to 5.5 ms and D2 is set to 2.3 ms. The phase cycles are: /1 = 4(x), 4(x); /2 = 8(x), 8(x); /3 = 16(x); 16(x);
/4 = y; /5 = y, x, y, x; /6 = y; /r = x, y, x, y. D3 = 3.7 ms, and D4 = 1.8 ms.
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2.1. Preparation of EctRNALeu (CAG)
EctRNALeu (CAG) was highly expressed [16] in E. coli and was
puriﬁed [17]. For NMR experiments, the samples were prepared
as described in [18], except that concentration of Mg2+ was varied
from 1 to 15 mM and tRNA concentration was ﬁxed at 1 mM. Imino
resonance assignments were obtained based on jump-return 15N-
edited NOESY-heteronuclear multiple quantum correlation
(HMQC) [19].
2.2. Measurement of kex
The EX-TROSY experiment used a 15N/13C double ﬁlter to sup-
press all magnetization of protons attached to 15N and 13C while
water magnetization remained unchanged. During the mixing per-
iod, the strong gradient g2 is used to destroy all non-zero-order
coherences. The weak gradient gm was used to remove the radia-
tion damping effect of water during sm [20] and evolution period
t1. At the same time, the water magnetization exchanged with imi-
no protons of tRNA was detected (Fig. 1A) [14,15].
The kex values were determined from the least squares ﬁtting of
the following equation, derived from the well-established theory
for water-NH exchange [10,21].
I
I0
¼ fkexfexpðR1wsmÞ  expððR1a þ kexÞsmÞgðR1a þ kex  R1wÞ ð1Þ
R1w and R1a are the T1 relaxation rates of water proton (0.3 s1)
and imino protons of tRNA, respectively [13]. Intensities I and I0 are
determined from 2D EX-TROSY and the reference TROSY spectra by
Lorentizian ﬁtting routines in nmrPipe [22]. f is the constant
accounting for water magnetization loss during the single or dou-
ble ﬁltering. R1a and kex can be obtained by ﬁtting data recorded
from different mixing time sm by the least squares method. We
set sm to 20, 50, 80, 120 and 200 ms for each concentration of
Mg2+ in the 15N-labeled tRNALeu sample. The relaxation delay
was set to 2 s on a 750 MHz Varian NMR spectrometer. The f factor
was 0.97.
However, the kex measured in the 15N-ﬁltered experiment con-
tained NOE contributions from protons attached to carbons [11].
These contributions were measured in the 15N/13C-ﬁltered EX-
TROSY experiment (Fig. 1B) as follows. For a short mixing time,
such as 70 ms in our case (normally, sm is in the range of 50–70 ms), peak intensities IN and INC obtained from the 15N-ﬁltered
and 15N/13C-ﬁltered spectra satisﬁed Eq. (2).
INC
IN
¼ kex
kex þ NOE ð2Þ
As kex + NOE was determined from Eq. (1) from a 15N-labeled
tRNALeu sample used in the 15N-ﬁltered EX-TROSY experiment
(Fig. 1A), to calculate the NOE corrected kex, we measured INC and
IN only from the corresponding 15N/13C-ﬁltered (Fig. 1B) and 15N-
ﬁltered EX-TROSY experiments with a mixing time sm of 70 ms
on a doubly labeled tRNALeu. Hence, the NOE corrected kex can be
calculated from Eq. (2). When the labeling of RNAs with 13C is dif-
ﬁcult to achieve, a spin-echo ﬁlter [23] can also be used to remove
NOE contributions from protons attached to carbons by setting D1
to 40–60 ms in Fig. 1A. However, water magnetization could be re-
duced by 20–40%, i.e. the f factor could become 0.8–0.6 in Eq. (1). In
our case, we used 15N-labeled sample due to the low yield, instabil-
ity and the cost of the tRNA sample.
2.3. The aminoacylation assay
Aminoacylation of EctRNALeu (CAG) was assayed as described in
[7] except that [Mg2+]/[tRNA] was increased from 1:1 to 15:1,
which was calculated based on concentration of the free Mg2+ [24].3. Results
3.1. Accurate measurement of kex
The resolution enhancement obtained from the TROSY scheme
on 15N-labeled tRNALeu sample when compared with the corre-
sponding HMQC method is shown in Fig. 2A and B. Although the
HMQC scheme was about 2.5 times more sensitive than the TRO-
SY-based experiment, the resolution of HMQC spectrum did not
permit accurate measurement of kex. In terms of linewidth, TROSY
resonance lines were on average about 50% and 30% narrower than
those in the HMQC and heteronuclear single quantum correlation
(HSQC) spectra, respectively. As the intensity and linewidth of res-
onances in HSQC were worse than those of TROSY, we only com-
pared the TROSY and HMQC here. For isolated imino resonances,
such as G7 and G49 of tRNALeu in the HMQC and TROSY spectra
(Fig. 2A and B), relative intensity differences were less than 8%.
In contrast, when using isolated peaks (G7 and G49) as internal
references, intensities of overlapped peaks G1, G9, G50 and G51
Fig. 2. The zoomed regions of the 2D TROSY spectrum (A), and the 2D HMQC spectrum (B) of 15N-labeled tRNALeu. The time domain data matrices are 256*  1024* (*
indicates complex data). (C) Buildup curves of signal intensities of imino protons of G1 and G71 as a function of mixing time at 303 K. The rate curves ﬁtted according to Eq.
(1) are drawn in solid lines. The heights of peaks are obtained through least squares ﬁtting with the Lorentzian line shape in both dimensions.
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45%, indicating that the peak intensities from these nucleotides
in the HMQC spectrum had a larger than 37% error. This amount
of error can be translated into a more than 30% error in the kex cal-
culated from Eq. (1). Thus, the TROSY-based imino exchange exper-
iment afforded a more accurate measurement of kex. Fig. 2C shows
kex ﬁttings of the imino protons of G1 and G71 when the concentra-
tion ratio [Mg2+]/[tRNALeu] was 1:1, by using the least squares
method based on Eq. (1).Fig. 3. The correlation between [Mg2+] dependent millisecond conformational ﬂexibility
(CAG) as [Mg2+]/[tRNA] increased from 1:1 to 15:1. In NMR experiments, 1 mM 15N- or 15
scheme of EctRNALeu (CAG). AA&V, DHU, AC and TWC stand for amino acid acceptor stem
loop respectively. The base pairs and the corresponding changes of kex values are colored
of EctRNALeu (CAG) as [Mg2+]/[tRNA] increased from 1:1 to 15:1. In the aminoacylation3.2. The millisecond conformational ﬂexibility and aminoacylation of
EctRNALeu (CAG)
Generally, as [Mg2+]/[tRNA] increased from 1:1 to 15:1, kex val-
ues of most base pairs increased dramatically except the base pairs
in the anticodon stem, while kex values of U69, G7, U8, G9 and G50
decreased signiﬁcantly (Fig. 3A and B). As kex values range in 1–
100 s1 [11–13], the open-close kinetics of the base pairs in EctR-
NALeu (CAG) reﬂects the millisecond conformational ﬂexibility.and aminoacylation of EctRNALeu (CAG). (A) The changes of kex values in EctRNALeu
N, 13C-labeled EctRNALeu (CAG) was used with varied concentration of Mg2+. (B) The
and variable stem loop, dihydrouridine stem loop, anti-codon stem and TWC stem
as follows: below 20%, blue; 20–40%, green; more than 40%, red. (C) Aminoacylation
assay, 25 lM EctRNALeu (CAG) was used with varied concentration of Mg2+.
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[Mg2+]/[tRNA] increased from 1:1 to 15:1 under a compared buffer
condition (Fig. 3C).
4. Discussion
To explain the aforementioned interesting observation in Sec-
tion 3.2, we present our hypothesis as follows.
As LeuRS is a class I aaRS, Mg2+ is not involved in aminoacyla-
tion of LeuRS directly [24]. Besides, only the free form Mg2+ was
considered in the aminoacylation assay buffer condition; effects
of complex form Mg2+ bound by ATP, AMP and pyrophosphate
were excluded. Therefore, we hypophysize that the increase of
aminoacylation activity may be attributed to the ﬂexibility of EctR-
NALeu (CAG) due to the increase of [Mg2+].
The discriminator base A73 is the major identity element of
EctRNALeu [4]. To be effective, it must be presented to LeuRS under
a speciﬁc structural context [2]. Here, as kex values of the acceptor
stem base pairs were changed by the increase of [Mg2+], the amino-
acylation activity increased (Fig. 3). Therefore, we propose that the
ﬂexibility of the acceptor stem contributes to aminoacylation by
ﬂipping 30-end of tRNALeu from the editing site to the aminoacyla-
tion site of LeuRS for A73 to be recognized [25]. Meanwhile, kex val-
ues of the core region of EctRNALeu (CAG) varied as aminoacylation
increased (Fig. 3). Several tertiary base pairs in the core region are
the identity elements of EctRNALeu [4–7]. The ﬂexibility of the core
region can affect the recognition of these identity elements
through changing their speciﬁc structural context. Thus, we pro-
pose that the ﬂexibility of the core region may also contributes
to aminoacylation of EctRNALeu (CAG). The kex values of the base
pairs in the anticodon stem did not change signiﬁcantly and did
not correlate with the increase of aminonoacylation activity. This
is consistent with the report that anticodon domain is dispensable
[6]. The variable region is important for the aminoacylation [6].
Coincidently, kex values of the variable region change to some ex-
tent as aminoacylation increases (Fig. 3). We propose that the ﬂex-
ibility of the variable region may contribute to aminoacylation by
affecting the recognition of the shape of the core region by LeuRS.
These insights on conformational ﬂexibility of the intact
tRNALeu can be obtained with certainty only through the EX-TROSY
experiment as errors of the measured kex for overlapped resonance,
such as G1, could be as large as 30% when the traditional NMR
method was used. Such errors could easily obscure the quantitative
interpretation of kex. With the abovementioned scheme, we were
able to measure the kex of all base pairs in EctRNALeu (CAG) and cor-
relate the aminoacylation activity with the millisecond conforma-
tional ﬂexibility. We believe that the EX-TROSY scheme can be
readily applied to study the structure and function of large 15N-la-
beled nucleic acids.
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